Data on the crustal structure, bulk composition, and eruption ages of an arc seamount were obtained in an investigation aimed at studying the spatial and temporal variations in the magma composition of an intraoceanic arc. We conducted gravity and magnetic surveys of the Horeki seamount and evaluated the density and magnetization structure using inversion and forward modeling. The seamount is located on the back-arc side of the Izu-Ogasawara arc. This seamount has an elliptical shape, a flat summit, and satellite ridges and cones on its northern and southern flanks. The flanks are consistent with a higher density anomaly, with an estimated mean density corresponding to dense basaltic rocks. A low-density anomaly is distributed in the seamount top, indicating that the top likely consists of porous basalts or differentiated rocks. The prominent circular low Bouguer gravity anomaly, which appeared in the northern part of the flat-topped summit, indicates that a light-density material fills the summit. The main body of seamount is normally magnetized. Combined with the age of the rocks, the volcanism constructing the main body may be most robust in the Gauss chron. The deeper part of seamount may consist of intrusive rocks, with induced magnetization over remanence. The eastern part of the northern ridges is reversely magnetized, while the western part is normally magnetized. These features and the ages of the sampled rocks suggest that these ridges were constructed in the Matuyama and Brunhes chrons, respectively. The southern part of the seamount flanks shows weak normal magnetization, probably caused by the small cones with different polarities of remanent magnetization.
Introduction
The Izu-Ogasawara arc is an active, approximately 1200-km-long intra-oceanic arc associated with PacificPhilippine Sea plate convergence in the western Pacific (Fig. 1) . The Izu-Ogasawara arc is one of the best areas to study intra-oceanic arc evolution and continental crust formation because it is a juvenile arc, its tectonic evolution is better known than that of many others, and it is the best surveyed intra-oceanic arc (e.g., Tatsumi, 2005) .
A research group in IFREE JAMSTEC, in collaboration with other Japanese and overseas institutions, has recently conducted an extensive geological and geophysical survey aimed investigating intra-oceanic arc evolution and continental crust formation. We have surveyed several seamounts on the volcanic front and the back-arc ridges and have determined the active periods and geochemical characters of these volcanoes (e.g., Ishizuka et al., 2002 Ishizuka et al., , 2003a Ishizuka et al., , b, 2006 Ishizuka et al., , 2007 . A comparison of these volcanoes is essential to any investigation of spatial (across-and along-arc) and temporal variations in the magma composition of this intraoceanic arc. We have investigated the frontal volcanoesSumisu (Tamura et al., 2005; Shukuno et al., 2006; Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
al., 2008), Torishima island (Tamura et al., 2007) , and the back-arc Horeki seamount Tamura et al., in preparation) (Fig. 1 ). These three volcanoes are similar in terms of size and isolated edifices. Consequently, they can collectively provide two-dimensional information relating to arc magma genesis in an environment that is only contaminated by complex, pre-volcanic histories to a very small degree.
The geophysical surveys consisted of whole crustal-scale seismic experiments, resulting in the development of several profiles of the crustal structure along and across the arc (e.g., Park et al., 2002; Takahashi et al., 2005; Tsuru et al., 2005; Kaiho et al., 2006; Miura et al., 2006; Nishizawa et al., 2006; Kodaira et al., 2007a, b) . Detailed surveys of multibeam bathymetry, gravity, magnetics, seismics, and heatflow around rock dredge sites or submersible/ROV diving survey sites were also carried out (e.g., Kido, 2005) . Those surveys have provided valuable data for assessing magma genesis, crustal evolution, and their variation along and across the whole arc.
Here, we present gravity and magnetic data on the Horeki seamount that was collected in a 2004 survey aboard the R/V Kairei (KR04-04 cruise). The geological observations and rock samplings were made within confined areas. To validate the observations, we also carried out a gravity and magnetic study to provide constraints on the crustal struc- ture, bulk composition of the seamount, eruption ages, and a robust estimate of volcanic output with times.
Geological Setting
The Horeki seamount is a back-arc seamount located approximately 100 km W-SW of Torishima island in the northern Izu-Ogasawara arc (Fig. 1) . At a depth of 1800-2000 m, the main body of the Horeki seamount has an elliptical base of approximately 25 km long and approximately 15 km wide (Fig. 2) . The seamount elongates in a NNE-SSW direction. The flat summit at a depth of 400-700 m is approximately 10 km long and approximately 5 km wide. The relative height of the seamount is approximately 1500 m. The seamount has many satellite cones or knolls, especially on its northern and southern flanks. The northern knolls form parallel ridges trending NNE-SSW, and the southern cones, with diameters of approximately 1 km, are distributed radially from the center of the main body.
Rock samples were collected by dredges and the ROV Hyper-Dolphin (white circles and squares; Fig. 3 ). The sampled rocks show that the main components of the Horeki seamount are basaltic and andesitic rocks. Basalts from the main body are medium-K and demonstrate arc-like features. In contrast, basalts from the northern ridges and the southern lateral cones are low-K and show MORB-like (BABB) features ). An 40 Ar study of the sampled rocks indicated that the ages of the main body of the seamount are approx. 3.6-3.0 Ma (3.62±0.06 to approx. 3.05±0.02 Ma; these plateau ages were determined with an accuracy of <0.1 m.y.) (Fig. 3) . Other ridges and cones are younger: approx. 3.0-2.0 Ma or 0.5 Ma (3.02±0.18 to approx. 2.07±0.10 Ma; 0.48±0.03 Ma) (O. Ishizuka, unpublished data, 2006) .
A multi-channel seismic (MCS) line of the R/V Kairei KR02-05 cruise crosses over the northern portion of the seamount (Park et al., 2002) (white line, Fig. 3) . A singlechannel seismics is also obtained on the same line. The deep internal structure of the seamount is not evident because of the absence of clear reflections and multiple reflections (Fig. 4) . The MCS seismic reflection shows sedimentary basins to the west and east of the seamount. Acoustically transparent upper layers are probably hemipelagic sediments, and the lower layers are volcanic debris. The thickness of these sedimentary basins is estimated to be 0.6-0.8 km and 0.8-1.0 km, respectively. In the northern flat-topped summit (arrows, Fig. 4 picts the velocity structure of the typical island arc crust with a thickness of approximately 20 km in this portion (Nishizawa et al., 2006) . The island arc consists of an upper crust approximately 5 km thick with a P-wave velocity (V p ) < 6.0 km/s, a middle crust approximately 5 km thick with a velocity of 6.0-6.3 km/s, and a lower crust approximately 10 km thick with a velocity of 6.8-7.2 km/s. The interval of the OBSs around the Horeki seamount was greater than 25 km, and no OBS was deployed on the seamount (crosses, Fig. 3 ). Thus, the OBS deployment provides rather sparse data to reveal the local variation of the velocity structure of the Horeki seamount.
Data Collection
The main survey tracks are aligned in the north-south direction with a spacing of 3 miles (approx. 4.8 km) (blue lines, Fig. 3 ). Swath bathymetric data were obtained using a SeaBeam 2112 multi-narrow beam echo sounder system. The survey covered an area of approximately 80 km in the north-south direction and approximately 50 km in the eastwest direction centered at the Horeki seamount.
Onboard gravity measurements were conducted using a Bodenseewerke KSS-31 marine gravity meter. Gravity data were collected throughout the cruise. The speed of the ship was about 10 knots. The data were recorded every 1 min (approx. 300 m). The free-air gravity anomaly was calculated by subtracting the theoretical gravity formula of the Geodetic Reference System 1967 (International Association of Geodesy (IAG), 1967) from the collected data (Fig. 3) . Crossover errors (COEs) at 81 track crossing points in this cruise yielded an RMS standard deviation of 2.2 mGal. Details of the gravity measurements are given in Fujiwara et al. (2006) .
Geomagnetic total force data were obtained using a surface-towed proton precession magnetometer PROTO10 (Kawasaki Geol. Eng. Co.). The sensor was towed 300 m behind the ship, and the data were collected every 20 s (approx. 100 m). The geomagnetic total force anomaly was calculated by subtracting the International Geomagnetic Reference Field (IGRF) 9th generation (International Association of Geomagnetism and Aeronomy (IAGA), 2003) (Fig. 5) . The COEs at 46 track crossing points in this cruise yielded an RMS standard deviation of 13.9 nT. Referring to the K p indices, the survey dates (April 18-20, 2004) are classified as magnetic quiet days. Corrections in diurnal variation were conducted using observed geomagnetic data at the Hachijo Hydrographic Observatory located in approximately 300 km north of the survey area. After the correction, the standard deviation was reduced to 5.2 nT.
Gravity and Magnetic Anomalies

Gravity
To examine sub-seafloor density variations, we first calculated the Bouguer gravity anomaly from free-air gravity by subtracting the predicted gravity effects of seafloor topography using the method of Kuo and Forsyth (1988) , Prince and Forsyth (1988) , and Lin et al. (1990) . The observed free-air gravity anomaly data were merged with the gravity anomaly data derived from satellite altimetry (Sandwell and Smith, 1997) to extend coverage to areas where no shipboard gravity data were available. For a similar reason, bathymetric data of JTOPO30 were merged with the observed swath bathymetry. Note that the extended area was not included for interpretations. The topography was gridded at approximately 180 m for the Bouguer gravity calculation. To avoid artificial edge effects, we mirrored the grid both east-west and north-south. The assumed density for the gravity calculation was estimated using a G-H (gravity-water depth) correlation. The result shows that the calculated Bouguer gravity anomaly with the assumed density of 2510 kg/m 3 has the lowest correlation with variations in water depth (topography) in the area around the seamount (30 × 30 km).
The long-wavelength Bouguer gravity anomaly shown in Fig. 6 (a) reflects the variation in the crustal thickness of the Izu-Ogasawara arc (e.g., Ueda, 1996; Geological Survey of Japan, 2000; Fujiwara, 2004) . The gravity anomaly value gradually increases from north to south in accordance with a decrease in the crustal thickness. Recent seismic refraction surveys confirm this variation in thickness (Kodaira et al., 2007a, b) . The long-wavelength variation in the gravity anomaly is removed by a linear trend approximation. The residual gravity anomaly is supposed to be caused by a subsurface density structure of the Horeki seamount ( Fig. 6(b) ).
The flanks of the seamount are associated with a higher than average gravity anomaly, up to approx. 5-10 mGal in amplitude ( Fig. 6(b) ). In contrast, low anomaly extends parallel to the long axis (NNE-SSW) in the top part of the seamount. A prominent feature is a circular low anomaly that is up to 15 mGal in amplitude and approximately 5 km in diameter, which appears in the northern part of the flattopped summit. A slightly circular low anomaly is also found in the central part of the flat-topped summit. To the west and east of the seamount, the sedimentary basins are accompanied by a low anomaly with an amplitude of about −5 mGal.
Magnetics
A long-wavelength positive anomaly extends in the north-south direction (Fig. 5) .
The long-wavelength anomaly may be due to deeper sources extending along the Nishi-Shichito ridge (the western fringe of the IzuOgasawara arc: see Fig. 1 for the location) (Yamazaki and Yuasa, 1998 ). Short-wavelength anomalies probably caused by the Horeki seamount are superimposed on the long-wavelength anomaly. The long-wavelength magnetic anomaly is removed by a bandpass filter with cosine taper for wavelengths between 40-80 km. The positive peak of the short-wavelength anomaly is centered on the southern part of seamount and the western part of the northern ridges. The negative trough is located to the NE of the seamount and on the NW flank. The peak-to-trough amplitude of the anomaly is approximately 500 nT.
Data Analyses
Density/magnetization modeling
We performed bulk density/magnetization modeling that mainly reflects the general distribution of density/magnetization near the seafloor, since no strong geological or geophysical constraint on depth distribution of density/magnetization beneath the Horeki seamount is available. Our analysis of the density/magnetization structure was accomplished using inversion of the gravity/magnetic anomalies. A crustal model consists of a set of prismshaped bodies as shown in Fig. 7 . The calculated gravity/magnetic anomaly can be written in matrix form as
where the bold dot denotes matrix multiplication, F and m are the calculated gravity/magnetic anomalies and density/magnetization written as column vectors, respectively, and G is a matrix concerned with the geometric relation between the observation points and prisms. The elements in G can be calculated using a formulation of Bhattacharyya (1964) and Blakely (1996) . In the case shown in Fig. 7 , Eq. (1) becomes a set of linear algebraic equations:
where N is the total number of observations, and M is the total number of prism-shaped bodies. The unknown m j can be inverted by solving the least squares method under the condition of N > M. A technique of singular value decomposition is applied to solve Eq. (2) (Press et al., 1992) .
Observed gravity/magnetic data were gridded at 1.0-km spacing for the inversion. The observation points are distributed within the 30-km square (N = 961 (31 × 31)) (Fig. 7) . A unit prism is 0.5 × 0.5 km in horizontal extent. Each prism has a uniform density or magnetization. The resolution of analysis depends on the water depth and the interval of the survey ship tracks, as shown in Fig. 8 . As a first step, in the inversion, a prism model of 2.5 × 2.5 km in the horizontal plane was adopted to reduce the number of models (M) and to suppress oscillatory solutions at deeper depths. The prism model comprised a set of 0.5-km-grid prisms; therefore, finer 0.5 km-grid topography was taken into account and preserved (Fig. 7) . These prisms are distributed within the 47.5-km square, including surrounding areas (M = 361 (19 × 19)).
Successively, 1.5 × 1.5-km prisms were reorganized within the 25.5-km square (M = 289 (17 × 17)) to improve the resolution in the area of shallower depth around Observation points for the inversion are distributed within the 30-km square at 1.0-km spacing. Crust is modeled as a set of prism-shaped bodies. A unit prism is 0.5×0.5-km in the horizontal extent. Their upper faces follow the seafloor. The bottom of prisms is set to be 3 km below sea level (bsl). Note that prisms also extend all around the area of the 47.5-km square. In the inversion, a prism model of 2.5 × 2.5 km in the horizontal plane is adopted within the whole area. In the 25.5-km square inner area, 1.5×1.5-km prisms are organized. The area of shallow water depth (i.e., the Horeki seamount) is solved with 0.5-km size prisms.
the Horeki seamount (Fig. 7 ). The prism model was organized by modifying partitions of the set of prisms. Note that the configuration of the basic 0.5-km-size prisms was not changed. The m j was corrected by m j , which was solved from the following equation.
where d i is the residual between observed gravity/magnetic anomalies and calculated anomalies using the previous model, and m j is the correction of density/magnetization. The G i j represents the gravity/magnetic anomaly at point i due to prism j with unit density/magnetization. In addition, boundary lines for the prism partition were shifted to modify the set of prisms in order to minimize the effects of locations of the partition (Fig. 7) . Therefore, the final solution was achieved by an iterative improvement process. The area of shallow water depth (i.e., the Horeki seamount) was solved using 0.5-km size prisms in the final analyses. High-cut filtering by the distance-weighted mean was operated to suppress high-frequency oscillation in an ill-conditioned case. Note that the calculation areas were broader than areas shown in resultant figures in later sections to avoid side effects from actual sources surrounding the areas.
Parameters for gravity/magnetic inversions
As for parameters of the gravity inversion, the bottom of the model layer was set to be at a constant depth of 3 km below sea level (Fig. 7) . The bottom depth is determined by the thickness of the layers in the sedimentary basins (approx. 1 km) at the base water depth (approx. 2 km). Therefore, a large density change is expected down to this depth. The layer deeper than this depth is rather homogeneous based on seismic studies (Park et al., 2002; Nishizawa et al., 2006) . The assumption made on the layer thickness may be (c) Fig. 8 . Magnetic anomaly due to prism-shaped bodies of which the upper faces follow the Horeki bathymetry (red contours). The anomaly was calculated at actual observation points along the ship tracks (black dots). Contour interval of the magnetic anomalies is 50 nT. Magnetization has a 5-km-size checkerboard-like (−2 and +2 A/m) pattern (a) and the anomaly reflects well the magnetization structure. Arrows in (a) point to the longitude track at 27.5 km shown in (c). In terms of the 1-km size checkerboard pattern (b), the checkerboard pattern does not appear in the magnetic anomaly in the area of deep water depth. Comparison of magnetic anomaly profiles along the longitude track at 27.5 km is shown in (c). The anomalies are due to checkerboard-like magnetization with different bottom depths (3, 5, and 10 km bsl). In the case of a 2.5-km size pattern (broken lines), a significant difference is not distinguished among the different depth models. In the case of the 5-km size pattern (solid lines), as shown in (a), the 5-km and 10-km depth models show almost no difference. The amplitude of magnetic anomaly with the 5-km depth model is approx. 80 nT larger than that of 3 km. That is only approximately 5% of the peak-to-trough amplitude of the magnetic anomaly despite the fact that the magnetized layer increases are twofold thicker. The lower panel shows the topography of the Horeki seamount along the track.
inappropriate in some places. The choice of another layer thickness would result in different density magnitudes but would not significantly affect the variation of the density distribution.
In terms of parameters in the magnetic inversion, as the seamount was formed recently-between approximately 3 Ma and approximately 0.5 Ma according to our analysis of the age of the rock-no significant drift and rotation of the seamount, associated with the evolution of the northern Izu-Ogasawara arc are expected (Koyama et al., 1992) . Thus, the direction of magnetization in the source layer was reasonably assumed to be oriented parallel to a geocentric dipole field at the present latitude (declination 0
• and inclination 49
• ). The ambient geomagnetic field was set to a declination of −5
• and inclination of 42
• with reference to the International Geomagnetic Reference Field (IGRF).
The bottom depth for the magnetization model corresponds to 3 km below sea level. In our case, since the magnetic anomaly is obtained at the sea surface above a 2-km water depth, and the effect of sources at 2 km below the seafloor is much smaller than that of surface sources. Therefore, even if we selected a thicker vertical size for the assumed sources in the analysis, the result would differ only slightly (Fig. 8(c) ).
Results and Discussion
Density structure
The calculated density structure is shown in Fig. 9 . The root mean square (RMS) of the residual between the calculated and observed gravity anomalies is 3.1 mGal. The colors indicate a density difference from the assumed density of 2510 kg/m 3 for the calculation of Bouguer grav- ity anomaly. The flanks of the seamount are consistent with a higher density anomaly, with a range from +300 to +400 kg/m 3 . The resultant density corresponds to dense basaltic rocks of approx. 2800-2900 kg/m 3 . In fact, the mean density of the basaltic rock samples is 2.77 g/cm 3 (2770 kg/m 3 ). Compared with the seamount flanks, a lower density anomaly is distributed in the top part of the seamount, extending in the NNE-SSW direction, parallel to the long axis of the seamount. The resultant density is equal to or slightly higher (+100 kg/m 3 ) than the assumed density of 2510 kg/m 3 . The degree of density would be consistent with that of common andesitic-basaltic rock, 2700-2800 kg/m 3 , taking into consideration a porosity of approximately ±10% (e.g., Shipboard Scientific Party, Site 1256 Site , 2003 .
It is possible that volcanic lavas erupting in shallow water depths tend to have higher porosity (i.e., lower density) than those erupting in greater depths because the pressure from the weight of the water against the gas pressure in the magma is smaller in the shallow depths. The degree of porosity might be the origin of the density structure, which is a high-density anomaly of the flanks of the seamount in deeper depths and a low-density anomaly in the top part of the seamount.
An alternative possibility is that the top part of the seamount mainly consists of more differentiated rocks. Although the sampled rocks are basalts and andesites, there are too few rock sampling sites to draw any conclusion on the main component.
The prominent circular low anomaly, which appeared in the northern part of flat-topped summit, requires lightdensity material filling the summit. The result indicates that the density is less than 2100 kg/m 3 . Because the observed low-gravity anomaly is rather locally distributed and the short-wavelength is dominant, as shown in Fig. 6(b) , lighter densities, such as those of approx. 1000-2000 kg/m 3 , and thinner layers, such as those of approx. 0.3-1.0 km, may be required as the anomaly sources for the circular low anomaly (Fig. 10) . The actual bottom of the low-density layer is not determined. The seismic reflection in the MCS profile at 0.15-s TWT beneath the flat-topped summit, discussed in Section 2 (Fig. 4) , is too shallow to be considered as the interface of the basement. Because velocity in the low-density layer is likely to be V p ∼ 1.8-2.0 km/s (Ludwig et al., 1970) , the travel time corresponds to approx. 135-150 m in depth. A forward model with the layer thickness of 0.15 km, where the seismic reflection is observed, produces quite a small amplitude of low anomaly, even in the presence of a low density (1000 kg/m 3 ) almost equal to water density (Fig. 10) .
The circular shape of the density anomaly on the flattopped seamount suggests that the seamount is a guyot and that the summit protruded above the sea level in the past. During a certain period, the top of the seamount was planed by waves, and light material deposition, such as coral reef formation, piling up of phosphate rocks, and/or other processes, occurred.
A crater is also a probable cause of the circular low anomaly. Sub-aqueous volcanoes can produce volcanic ash if they reach shallow water depths, and the ash and scoria then fill the crater floor. A caldera may be completely filled by such volcanic ash and/or scoria as the cause of the circular low anomaly. However, this interpretation contradicts a typical feature of gravity anomaly of basaltic volcanoes. Calderas and ridges of basaltic volcanoes, which are the possible direction of dyke fissures, are commonly associated with high-gravity anomalies in the northern IzuOgasawara arc (e.g., Murakami and Ishihara, 1985) , because dense lava flows fill the caldera floors and dyke swarms intrude in the fissures.
Low-density anomalies of −100 kg/m 3 are consistent with the sedimentary basins. The sedimentary basins deduced from the MCS result are landslide deposits made of volcanic lava and hemipelagic sediments (Park et al., 2002) .
Magnetization structure
Calculated crustal magnetization is shown in Fig. 11 . The RMS of the residual between the calculated and observed magnetic anomalies is 3.8 nT. The main body of the seamount is normally magnetized. Its magnetization intensity is calculated to be approx. 1.5 A/m. The intensity seems to be notably small considering extrusive volcanic lavas are the source of the magnetic anomaly. For example, the natural remnant magnetization (NRM) of some basaltic lava samples that were collected at the northernmost sampling location shown in Fig. 11 was 11 .2 A/m on average.
If the seamount body mainly consists of extrusive lavas, the calculated magnetization could be an average of each magnetized layer to the depth or the horizontal plane. Each layer has an NRM and an induced magnetization (IM), including viscous remanent magnetization (normal magnetization). Because the seamount consists of volcanic lavas Fig. 8(a) . The anomalies calculated by forward gravity modeling are due to cylindrical layers with different densities and thickness to examine the observed circular low anomaly. The cylindrical layers extend 5 km in diameter centered at 26 km in the figure. The density in the circum-Horeki seamount is set to be 2700 kg/m 3 . A parameter combination of a density of 2100 kg/m 3 and a thickness of approximately 2.5 km (3 km bsl) is derived from the inversion result. In this case, the resultant low-gravity anomaly is widespread. The cause is that the anomaly source is distributed to the deeper depth. Adoption of anomaly sources with lighter densities, such as 1000-2000 kg/m 3 , and thinner layers, such as 0.3-1.0 km, accomplishes the short-wavelength, low-gravity anomaly with an amplitude as large as 15 mGal of dent in the anomaly. A model with the layer thickness of 0.15 km produces quite a small amplitude of low anomaly even in the low density (1000 kg/m 3 ) region. The lower panel shows the topography of the Horeki seamount along the track and location of the low-density layer. erupted in various ages, the NRM obtained in a magnetic polarity chron could cancel the effect of one in another polarity chron. As the result, the lower magnitude in magnetization is considered to be produced in the analytic model that we adopted, assuming uniform magnetization. Eruption ages of the Horeki seamount range over four major magnetic chrons starting from Gilbert (reverse po- Comparison between magnetization models of the Horeki seamount. Trapezoids show seamounts looking from the SE. Solid lines in the seamounts show boundaries between UP and LW. UP is an upper or surface layer, and LW is a lower or inner layer of the seamount. Broken lines in the seamounts delineate low-density layers on the summits. Note that these boundary lines are schematic and not real. N, 0, and R indicate normal, non/weak, and reversed magnetization, respectively. Models for the main body (a) and (b) could explain the calculated magnetization intensity. larity), Gauss (normal), and Matuyama (reverse) to Brunhes (normal) (Cande and Kent, 1995) . The main body of the seamount is probably constructed in Gilbert (5.23-3.58 Ma) and Gauss (3.58-2.58 Ma), according to our analysis of the ages of the rocks (O. Ishizuka, unpublished data, 2006) (Figs. 3, 11) . The resultant (surviving) normal magnetization indicates that the volcanic rocks magnetized normally are more abundant and that the volcanism constructing the main body may be more robust in Gauss normal chron ( Fig. 12(a) ).
Even if the seamount body mainly consists of extrusive lavas and the lavas magnetized normally are much robust, the top part of the seamount may be made of more differentiated rocks, as is suggested by the density struc-ture. These rocks have lower magnetization intensity than basaltic rocks. In this case, the derived magnetization intensity is consistent with the differentiated rocks ( Fig. 12(b) ).
Otherwise, as the high-density portions (>2800 kg/m 3 ) are estimated in the flank of the seamount, the deeper and inner part of the seamount may consist of intrusive rocks. The intrusive rocks having IM contribute to the normal magnetization. The NRM carried by extrusive lavas does not affect the bulk magnetization intensity due to mixing of normal and reversed magnetization. An alternative is that the more differentiated rocks are the main constituent of the upper part of the seamount, as mentioned above (Fig. 12(b) ).
The magnetization structure is not distinct in the northern part of the flat-topped summit, where the prominent circular gravity low appeared. This fact suggests that there is no sharp contrast between the area of low circular gravity and the other summit area in terms of magnetization. Based on the results of both the gravity and magnetic analyses, the crustal structure and the material existing in the summit area are constrained. The summit was filled with volcanic porous deposits, such as scoriae, which could have some degree of NRM and/or induced magnetization to contribute to the normal magnetization in the area (Fig. 12(a) ). It would be implausible that the layers of the circular area and the surrounding area have a similar magnetization intensity by coincidence, because materials existing in these layers have quite different densities. Otherwise, if a very low density and a very low magnetization material, such as coral reefs or phosphate rocks, forms the circular layer, the surrounding top part of the summit should have very low magnetization in agreement with the circular layer ( Fig. 12(b) ). Ueda (2007) studied a number of seamounts in the IzuOgasawara arc and the Kyushu-Palau ridge. The KyushuPalau ridge is a conjugate paleo-island arc formed prior to the opening of the Shikoku basin (see Fig. 1 for the location). Ueda pointed out that almost all seamounts are magnetized in the normal direction, although the Nishi-shichito ridge in the Izu-Ogasawara arc and the Kyushu-Palau ridge were formed during the Oligocene to Miocene. The period contains frequent changes in magnetic polarity. He argued that such normal polarity bias suggests that IM contributes significantly to the magnetization of arc seamounts or that volcanic activities are more robust in the normal chron than in reverse chron. Ueda (2007) also pointed out that the Horeki seamount is normally magnetized and is not uniformly magnetized. The non-uniform magnetization probably indicates that NRM has some degree of contribution to the magnetization of the seamount.
Reversed magnetization is dominant in the eastern part of the northern ridges. The magnetization is consistent with the rock's age obtained from the ridge in this part (2.07 Ma; Figs. 3 and 11) ; therefore, the volcanism of these ridges is estimated to be active in Matuyama chron (2.58-0.78 Ma). The age of the young rock is obtained from the western part of the northern ridges (0.48 Ma, Fig. 3) where, in contrast, consistently normal magnetization is evaluated (Brunhes chron: 0.78 Ma-present).
The southern part of the seamount flanks, where small volcanic cones are well developed, is magnetized relatively normally with a very low magnitude. However, the flank is not different from other flanks in the density structure. Therefore, such a low magnitude of magnetization is probably caused by magnetization of the small cones. The small cones could have significant NRM because these cones are supposed to be monogenetic volcanoes and consist almost entirely of extrusive lavas. There are two alternate models that could explain the low magnetization. The first is that a number of volcanic cones erupted evenly during various ages, resulting in randomization of their remnant magnetization (Fig. 12(c) ). The alternating structure of normal and reversed magnetization, which is approx. 1 km in size in the horizontal plane, does not affect the sea-surface magnetic anomaly, as suggested in the forward modeling shown in Fig. 8 .
The second possibility is that many of the cones erupted in Matuyama chron (Fig. 12(d) ). The reversed magnetization nearly cancels the normal magnetization of the main body. At present, we cannot distinguish between these models. The age of a rock sample obtained from one of the small cones shows a Gauss chron (Figs. 3 and 11) . Additional age results from other small cones will be needed to resolve this question.
Otherwise, it cannot be ruled out that the origin may arise from non-uniform magnetization of the relatively deeper part. Rocks in this part have the same densities but do not have the same magnetization intensities, thereby reflecting difference in the magnetic field polarity, acquiring process of NRM, or degree of low/high-temperature oxidations of magnetic minerals.
There is no strong geological or seismological evidence to constrain the structure in the vertical extent. To advance the discussion, a near seafloor magnetic survey will reveal the more detailed structure and the nature of arc seamount's magnetization. Combined with the sea-surface survey, the magnetization in the shallower and deeper parts of seamount can be discussed. The near seafloor survey also improves the horizontal resolution of the structural analysis; consequently, the magnetization of each small volcanic cones in the southern part of seamount flanks can be examined. Therefore, the magnetization structure provides significant evidence for the acquisition of NRM, later volcanism, or degree of hydrothermal circulation of the arc seamount.
Conclusions
We conducted multi-beam bathymetry, gravity, and magnetic surveys of the Horeki back-arc seamount in the IzuOgasawara intra-oceanic arc, the western Pacific, to constrain the crustal structure and evolution. Our analysis of these data yielded the following results:
1. The flanks of the Horeki seamount show a higher density anomaly. The density of approx. 2800-2900 kg/m 3 corresponds to dense basaltic rocks. 2. A lower density anomaly is distributed in the top part of the Horeki seamount, parallel to the long axis. The resultant density is approx. 2500-2600 kg/m 3 . The top part of the seamount is estimated to consist of porous basaltic rocks or differentiated rocks.
3. The prominent circular low Bouguer gravity anomaly appeared in the northern part of flat-topped summit. Rather light-density material filling the flat-topped summit is required. 4. The main body of the Horeki seamount is normally magnetized. The resultant low magnitude of magnetization is probably attenuated by integration of magnetization of the volcanic lavas that erupted in different magnetic chrons in history, resulting in natural remanent magnetization of opposite magnetic polarity. The totally normal magnetization indicates the volcanism constructing the main body may be more robust in the Gauss normal magnetic chron (3.58-2.58 Ma). 5. The deeper and inner part of the Horeki seamount may consist of intrusive rocks. The intrusive rocks having induced magnetization may contribute to the normal magnetization of the main body. The upper part of the seamount does not affect the bulk magnetization due to mixing of normal and reversed natural remanent magnetization carried by extrusive lavas and/or more differentiated rocks with low magnetization. 6. The reversed magnetization is consistent with the rock's age of 2.07 Ma obtained from the eastern part of the northern ridges; therefore the volcanism of these ridges is estimated to be active in the Matuyama chron (2.58-0.78 Ma). The western part of the northern ridges is normally magnetized, consistent with the sampled rock's age of 0.48 Ma (Brunhes chron: 0.78 Ma-present). 7. The southern part of the Horeki seamount flanks, where small volcanic cones are well-developed, has very weak normal magnetization. Such a low magnitude of magnetization is probably caused by magnetization of the small cones. A number of volcanic cones erupted evenly in various ages, resulting in randomization of their remnant magnetization. Otherwise, many of the cones erupted in Matuyama chron. Their reversed magnetization nearly cancels the normal magnetization of the main body.
